Hominin evolution saw the emergence of two traits-bipedality and encephalization-that are fundamentally linked because the fetal head must pass through the maternal pelvis at birth, a scenario termed the 'obstetric dilemma'. While adaptive explanations for bipedality and large brains address adult phenotype, it is brain and pelvic growth that are subject to the obstetric dilemma. Many contemporary populations experience substantial maternal and perinatal morbidity/mortality from obstructed labour, yet there is increasing recognition that the obstetric dilemma is not fixed and is affected by ecological change. Ecological trends may affect growth of the pelvis and offspring brain to different extents, while the two traits also differ by a generation in the timing of their exposure. Two key questions arise: how can the fit between the maternal pelvis and the offspring brain be 'renegotiated' as the environment changes, and what nutritional signals regulate this process? I argue that the potential for maternal size to change across generations precludes birthweight being under strong genetic influence. Instead, fetal growth tracks maternal phenotype, which buffers short-term ecological perturbations. Nevertheless, rapid changes in nutritional supply between generations can generate antagonistic influences on maternal and offspring traits, increasing the risk of obstructed labour.
Introduction
Bipedal locomotion is a defining feature of the hominin lineage, though it has varied in its anatomical basis over time [1] . The genus Homo further evolved large brain size. Since these traits have both persisted for millions of years, they have clearly been strongly favoured by selective pressures in ancestral environments [2, 3] , though what exactly were the adaptive benefits remains debated. Understanding their evolutionary emergence is central to understanding the long-term history of our own species. This is especially the case because the two traits are fundamentally linked: the neonatal head must pass, at the time of birth, through the maternal pelvis. For decades, the challenge posed by this interaction has been known as the 'obstetric dilemma' [4] and has been broadly attributed to contrasting selective pressures acting on locomotion and brain size, favouring a large neonatal head relative to the dimensions of the maternal pelvis [4 -6] .
There is no doubt that pelvic structure changed substantially through hominin evolutionary history, and that the tight fit between its dimensions and those of the offspring brain is reflected in an unusually complex birth process in contemporary humans, as elegantly described by Trevathan and co-workers [5, 6] . The duration of delivery is longer in our species than other apes, and the norm is for the fetus to rotate as it passes through the pelvis, resulting in it emerging facing away from the mother. Human mothers therefore benefit from the assistance of others to minimize the risk of injury to the neonate, though solitary births have been recorded. To aid delivery, the fetal head is compressible, and the pelvic diameter can also expand slightly [7] . Collectively, therefore, these traits represent a generic 'resolution' to the obstetric dilemma, and yet in contemporary populations, this resolution often appears to be only partial.
Many contemporary human populations experience high levels of maternal and neonatal mortality as a consequence of obstructed labour, which accounts for approximately 12% of the total global burden of maternal mortality, as well as a substantial proportion of perinatal mortality [8, 9] . Beyond the immediate risks, fistula injuries to the mother cause debilitating conditions such as incontinence. Thus, as discussed by Arrowsmith et al. [10] , 'women who have experienced prolonged obstructed labour often develop serious social problems, including divorce, exclusion from religious activities, separation from their families, worsening poverty, malnutrition and almost unendurable suffering'. Recognizing the morbidity and mortality burden of obstructed labour, in 1951 Krogman described human birth as a 'scar' of our evolutionary history [11] .
It is worth considering, however, whether the obstetric dilemma has been uniform in hominin evolution over the long term, or whether the risk of obstructed labour has been exacerbated by recent secular trends in behaviour and biology. It is increasingly recognized that many hominin traits have a complex mosaic evolutionary history [12] . For example, the manifestation of bipedal locomotion has altered across earlier and later hominins [1] , while encephalization also occurred incrementally across 2 Myr in the genus Homo [7] . The implication is that the magnitude of the obstetric dilemma must have changed over the long-term during hominin evolutionary history. Consistent with that hypothesis, Australopithecines and archaic humans appear to have had a higher degree of cephalo-pelvic disproportion than Homo erectus [7] . In the past few hundred thousand years, both body size and cranial capacity changed in the genus Homo, though in contrasting ways, as illustrated in figure 1 [13] . Likewise, few biologists are ignorant of the rapid changes in body size that have occurred in recent centuries, where many populations have become both taller and also relatively heavier [14, 15] .
While these trends in body size and proportions are generally described in terms of adult data, they also have major implications for the obstetric dilemma, and in this context the importance of bipedal locomotion to the obstetric dilemma is undergoing reconsideration. One alternative perspective is that the magnitude of fetal growth is constrained not by maternal locomotory anatomy, but by maternal metabolism being unable to support longer gestation of large-brained offspring [16] . However, this offers little explanation for obstructed labour, for which a key risk factor is the fetus growing beyond the size at which delivery is possible without complications. An alternative argument is that both pelvic dimensions and offspring brain size may change across generations in response to ecological trends, and that discordant responses of pelvic versus brain growth to such trends may exacerbate the risk of obstructed labour [7] .
The aim of this review is to develop the latter perspective in more detail, focusing on a specific question: as body size and shape evolve in response to changing ecological conditions, how can the fit between the maternal pelvis and offspring size be 'renegotiated'?
Resolution of the dilemma by genetic adaptation
The classic concept of Darwinian adaptation assumes that organisms acquire the phenotypic traits that improve their ability to survive and breed in their habitual environment. To understand how skeletal dimensions are shaped by ecological stresses, we can learn much by considering how growth responds to climate. In the nineteenth century, for example, two classic 'ecological laws' were proposed, regarding the adaptation of body size and shape to climatic stresses. Bergmann [17] hypothesized that total body size within warm-blooded species would increase as temperatures fell, while Allen [18] hypothesized that the size of body extremities would decrease in accordance with physical thermodynamic theory. A substantial body of work has subsequently supported these hypotheses, both in humans [19] [20] [21] [22] [23] and in other species [24] [25] [26] [27] . These ecological laws are likewise widely used to interpret evolutionary trends in hominin body shape [28] [29] [30] and have become influential in evolutionary anthropology as examples of a more general capacity for morphological adaptation.
Given the lengthy timescale of hominin and human evolution, and also the wide range of latitude occupied by Homo sapiens, adaptation to stresses such as the thermal environment was widely assumed to have occurred through genetic change. The neo-Darwinian synthesis, which consolidated around the 1940s, ordained that phenotypic change over time arises through the accumulation of small genetic changes driven by the differential reproductive success achieved by some alleles relative to others [31] . The statistician Ronald Fisher suggested that the normal distribution of phenotypic traits arose through many genes each exerting a small effect, a scenario now supported from genome-wide association studies for indices of body size such as stature [32, 33] . Genetic variants associated with infant head circumference are now emerging [34] , although minimal information is yet available for the dimensions of the pelvis. The obstetric dilemma might therefore be considered as the consequence of two traits being forced into a 'genetic compromise' because each is exposed to the other through the process of birth. The contemporary dilemma might be seen as the end result of a long-term 'genetic negotiation', optimizing the response to contrasting selective pressures favouring large adult brains and efficient adult locomotion, further impacted by trends in body size. As the environment changed, and different modes of bipedal locomotion and encephalization were favoured, so might the fit between the neonatal head and the maternal pelvis have shifted adaptively.
Recently, Grabowski [35] explored how the capacity for evolutionary change in a given trait may be constrained by stabilizing selection across a suite of covarying traits. In relation to the obstetric dilemma, he suggested that such constraints may have reduced the overall evolvability of the birth canal in earlier hominins, but that these constraints became weaker in later hominins. A study of regional skeletal variability in recent human populations found that the pelvic canal was, in fact, the most variable trait, suggesting that stabilizing selection is no longer a major constraint [36] .
While such genetic change can be assumed to have played a role in the evolving obstetric dilemma, it also appears insufficient as an explanation for the contemporary burden of mortality from obstructed labour. Whatever the selective pressures acting on adult encephalization and locomotion, the obstetric dilemma is, in fact, the consequence of a clash not between two adult traits, but between two developmental traits-growth of the maternal pelvis and fetal growth. Their interaction at the time of birth makes resolution of the dilemma a complex twoparty process, and selection furthermore acts not only on the traits per se, but also on their coordination. Since maternal growth occurs a generation ahead of offspring growth, their co-adaptation to ecological stresses takes on the form of a 'three-legged race' (figure 2), in which the two traits are linked without the possibility of perfect phenotypic integration.
We need to gain greater insight into the non-genetic mechanisms whereby the obstetric dilemma can be renegotiated in response to changing ecological conditions. We can therefore make the focus of our enquiry more specific: what ecological signals do the maternal pelvis and fetal growth respond to, and how exactly can their adaptive responses be coordinated given that they are shaped in different time periods?
Adaptation as a trans-generational process
The notion that adult morphology is determined by growth trajectories prompts re-evaluation of how phenotype responds to ecological stresses. To provide insight into this process, let us reconsider the ecogeographical distributions described by Bergmann's and Allen's laws. Contrary to the notion of traits adapting directly to external ecological stresses such as climate, it is now clear that the adaptive process begins in utero, which means that many of the key stresses acting on the offspring are mediated by maternal phenotype [37, 38] . For example, environmental heat stress and birthweight are associated across populations, with lower birthweight in hotter climates [39] . Although the mother herself is directly exposed to the thermal environment, fetal heat loss can occur only through maternal tissues, hence the immediate influence on fetal thermodynamics comprises maternal metabolism and homeostatic capacity [40] .
More generally, therefore, adaptation in growth traits must be considered a trans-generational process, and the phenotype of each generation has already been exposed to maternal traits before the external environment itself is experienced. Since mortality risk is greatest in the first few years of life [41] , the way that the fetus responds to maternal influences is crucial for early survival. Both the pelvis and the brain are subject to stresses early in development, long before adult cognition and locomotion are themselves exposed to selective pressures.
For example, Aiello & Wheeler [42] suggested that the metabolic costs of the large Homo brain may have been met in part by decreasing investment in gut mass, through improving dietary quality. Since in relative terms the energy costs of the brain are greatest in early life (approx. 85% of basal metabolism at birth, versus approx. 25% by adulthood) [43] , and since both adult brain and gut mass are determined by their growth patterns, infant or childhood nutrition may have been a key selective pressure shaping this trade-off. Humans are uniquely characterized by the use of 'weaning foods' that allow 'complementary feeding' following exclusive breastfeeding [44] . Thus, it can be seen that the ecological stresses acting on brain development may be very different from those acting on brain function in adult life.
Moreover, beyond any genetic determinants, there is now substantial evidence that body size and proportions are also characterized by plasticity prior to adulthood and are strongly shaped by experience early in the life-course. Through rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140067 developmental plasticity, growth patterns are subject to reaction norms, and adult phenotype bears the cumulative influence of multiple developmental stresses [45] . For example, classic studies of rats showed that variation in nutrition in early life exerted lifelong effects on body size and proportions [46, 47] . Observational data on humans are consistent, showing that early growth variability tracks on into later life [48] , while rickets during development is well established to constrain growth of the pelvis [49] . Indeed, the primary period of human growth plasticity comprises fetal life and infancy, and these developmental stages also represent the period of maternal care. Maternal phenotype is thus the primary source of ecological signals to which the developing offspring adapts [37, 38, 50] . I have argued that this overlap is no coincidence, and that offspring traits retain plasticity for as long as they remain within the protective umbrella of maternal buffering [37, 51] . When this buffering is withdrawn (at birth for some traits, and at the end of lactation for others), many traits become canalized and track over time. Absolute size of body components may continue to increase, but relative differences between individuals persist.
Any renegotiated resolution of the obstetric dilemma is therefore sensitive to the regulation of offspring development by maternal phenotype. Compounding the one-generation time-lag between maternal and offspring growth, the complexity of this process of adaptation increases when we consider that the selective pressures acting on the two parties are not identical.
Adaptation in early life as a tug-of-war
The developmental trajectory of each individual can be addressed through the lens of life-history theory, which assumes that energy is invested optimally across competing functions to maximize early survival and adult reproductive fitness [52] . However, the process of maternal care ( placental nutrition and lactation) brings two different life histories together, where the mother is exposed to environmental stresses and the fetus/infant is exposed to maternal phenotype. Since mothers and their offspring share only 50% of their genes, the maternal investment strategies that maximize maternal fitness are not necessarily identical to those that maximize offspring fitness. This scenario leads to what Trivers [53] termed 'parent -offspring conflict' over the investment of parental resources in each offspring.
It is clear from non-mammals, e.g. birds, that parentoffspring conflict is ubiquitous when parents feed their offspring [54] , but the conflict has particular relevance to the obstetric dilemma because the magnitude of investment during fetal life directly impacts size at birth. In relation to the obstetric dilemma, we can focus on two outcomes in particular: the amount of energy available for investment in the offspring per unit time, and the duration of pregnancy.
The notion of parent-offspring conflict has been criticized-for example, Bateson [55] has suggested that the interests of mother and offspring are closely aligned. This criticism misses two key points. First, rather than outright conflict, it is a conflict of interest over when the mother should divert investment from one offspring to other offspring. This is where the concept of negotiation becomes so important, as demonstrated in studies of parent-offspring interactions among birds [56] . Second, in the absence of such a conflict of interest, it would be impossible for the offspring, enclosed within the umbrella of maternal care, to adapt to ecological signals at all. Moore & Haig [57] elegantly described parent-offspring conflict as a 'tug-of-war' over the pool of maternal resources potentially available for investment in the offspring. Haig [58] further described how offspring hormones manipulate metabolism in order to increase the supply of nutrients through the placenta, and maternal physiology responds by reducing nutrient transfer, while a similar behavioural tug-of-war characterizes lactation [59] . The same scenario applies to the duration of gestation, which introduces an additional axis of variability into the resolution of the obstetric dilemma [60] .
The fetus has no direct exposure to the environment, so what makes it adapt is the tension applied by maternal physiology within the tug-of-war, and if there were no tension, no adaptation could occur. The fact that the fit between the neonatal head and the maternal pelvis is generically tight in Homo sapiens suggests that the tug-of-war over size at birth has been especially strongly contested. What therefore is it that prevents each party from 'surrendering its position'?
Why cannot the offspring be smaller?
Recognizing that the obstetric dilemma as classically described results from the interaction of a two-dimensional area (the birth canal) and a three-dimensional volume (the head), Epstein [61] calculated that even very moderate increments in pelvic diameter or decrements in neonatal head girth would make delivery much easier. These values lie well within the range of withinand between-population variability evident in archaeological and skeletal data [7, 36] . The paradox is therefore that for almost every neonate whose head must pass through the constraining pelvis of its mother, there are other women whose larger pelvic dimensions would have made delivery of the neonate easier, and other offspring whose smaller heads would have provided the same benefit [7] . What is it that keeps the fit so tight within individual mother-offspring dyads?
The first question is, why cannot the offspring be smaller? In this respect, most attention has focused on the dimensions of the offspring brain. In the human fetus gestated to term, approximately 30% of adult brain size has been completed by birth [7] . Although there is greater variability across mammals in general in the proportion of brain growth achieved in fetal life [62] , at least 30% appears to be achieved in all primate species, suggesting that this degree of brain development represents the minimum for a viable primate infant [7] . Consistent with that hypothesis, a systematic shortening of gestation in humans, which would be one potential solution to producing smaller brained neonates, appears to be non-viable: figure 3 shows a strong dose-response association between delivery before term and the likelihood of impaired cognitive function in later life [63] . Clearly, selection favours 40 weeks of fetal brain growth in our species, though gestation length still varies within and between populations.
However, it is also misleading to focus only on fetal head dimensions. A significant proportion of obstructed labour arises from difficulties in delivering the fetal body, with shoulder dystocia a leading cause of birth injury to both mother (maternal tearing and post-partum haemorrhage) and offspring (muscular or spinal damage) [7] . Indeed, difficulties during delivery are not unique to humans and have been observed in other primates [64, 65] and mammals [66] . Classic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140067 analyses by Leutenegger indicated that humans do not actually produce unusually encephalized neonates, rather they produce unexpectedly heavy neonates relative to maternal body mass, and these heavier neonates have large brains, but not disproportionately so compared with other primates [67] . Re-investigation of this issue using a more comprehensive dataset suggests that Leutenegger slightly underestimated the magnitude of encephalization in the human neonate, but was correct in concluding that increased neonatal mass is the main outlying characteristic of our species [7] .
We therefore need to consider whether body size, as well as head size, could potentially be lower in human neonates. Of all the dimensions of the neonate, the coefficient of variation is lowest for head girth and length (approx. 30% of the coefficient of variation of weight), whereas it is higher for body girths (approx. 50-60%) and greatest for subcutaneous skinfold thicknesses (approx. 100%) [68] . These data indicate greater plasticity in offspring weight and adiposity than in linear growth or brain growth [69] .
Human offspring could therefore potentially be smaller at birth, thereby reducing the magnitude of the obstetric dilemma, by reducing non-brain tissues more than the brain. Nevertheless, birthweight is the single biggest predictor of survival during early life [70] ; hence any reduction in non-brain tissues must still impose fitness penalties on the offspring, independently of the cognitive penalties associated with shorter gestation described above. A recent study emphasized the contribution of adiposity to infant survival, by showing that low levels of leptin, the hormone secreted by adipose tissue, were strongly associated with mortality risk in malnourished African infants [71] . This may explain why, in a comparison of infants weighing on average approximately 2.7 kg in India, and approximately 3.5 kg in the UK, the difference in birthweight and length was approximately 1.5 z-scores, in head circumference approximately 1.2 z-scores, but in subscapular skinfold was only approximately 0.3 z-scores. The greatest reduction was in abdominal girths (22.3 zscores), indicating preferential sacrifice of the visceral organs [69, 72] .
It seems therefore that a gestation of 40 weeks is favoured for optimal brain growth in our species, and that humans also stand out from other species in delivering relatively large-bodied neonates. From this perspective, it is clear that selection favours fetuses developing large bodies and brains, and that if compromise is necessary, the offspring protects the brain at the expense of other organs and tissues, a phenomenon known as brain-sparing [73, 74] . If selection strongly favours fetal growth, could the stress of delivery be reduced by increasing the dimensions of the maternal pelvis?
6. Why cannot the maternal pelvis be larger?
It is now clear that there is substantial variability in maternal pelvic dimensions, as summarized previously [7, 36] . The coefficient of variation is approximately 7% for the anterior-posterior and transverse diameters of the pelvic inlet, approximately 11% for the transverse diameter of the outlet and approximately 13.5% for the anterior-posterior diameter of the outlet.
This variability is also associated with ecological variables. Most notably, there is a strong association of bi-iliac diameter with the thermal environment [7, 75] . This indicates that locomotion per se is not the only factor impacting pelvic shape, and that wider pelvic dimensions per se do not preclude efficient locomotion. As discussed in §3, heat stress is an established constraint on human growth and physique, and narrow pelves in populations exposed to hot and humid environments are a plausible factor contributing to increased rates of maternal and perinatal mortality in African and Asian populations. Notably, gestation is slightly shorter in African and South Asian women rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140067 relative to European women [76] [77] [78] [79] . This might indicate a modest fetal co-adaptation to smaller birth canal in hot-adapted populations, but although acute heat stress has been linked with preterm delivery [80] , robust support for a link between mean gestation duration and climate remains lacking. Nevertheless, the influence of the thermal environment on pelvic proportions appears an incomplete explanation for population variability in the prevalence of obstructed labour, for a key risk factor in diverse populations is short maternal stature [81] [82] [83] . Within African populations characterized on average by narrow pelves, it is short mothers who have the highest risk of obstructed labour. In other words, the maternal pelvis could be larger, and the risk of obstructed labour could be lower, if the mother experienced greater growth during her development. This directs attention instead to additional ecological stresses affecting growth, implicating nutrition in particular.
Indeed, nutrition is likely to be especially relevant to the obstetric dilemma, first because nutritional stresses impact all age groups, second because secular trends are now well described in both maternal and fetal size and third because metabolic fuel is the primary target of the tug-of-war between mother and offspring during fetal life [57] , the outcome of which is size at birth.
Secular trends in body size
There are now substantial data on secular trends in adult body size in many populations, indicating that shifting ecological conditions impact growth trajectories. In Holland, for example, average female stature increased from around 154 cm in 1840 to 171 cm in the 1997, an average gain of 1.26 cm per decade [84, 85] . In turn, increases in female stature are associated with larger pelvic dimensions and a reduced risk of cephalopelvic disproportion and caesarean section [81] [82] [83] 86, 87] . However, whilst much attention has been given to recent upward trends in size in European populations, negative trends have been observed in many populations. In India, for example, stature has declined by almost 20 cm over the past 10 000 years, a decline attributed to the cumulative impact of the origins of agriculture, increasing population density, and exposure to regular droughts, famines and epidemics of disease [38, 88] . A very modest upward trend in female stature has occurred in India in the twentieth century [38] .
It is these negative trends in adult size that are of especial importance for the coordination of maternal and offspring phenotype, as the offspring must necessarily adapt its growth strategy to smaller maternal pelvic dimensions to achieve successful birth. For example, the pelvic dimensions of Indian mothers are substantially reduced compared with those of Europeans [7, 89] . Focusing on such secular trends therefore offers new insight into how resolution of the obstetric dilemma must be renegotiated over time.
The possibility that maternal pelvic dimensions might reduce across generations has major implications for the mechanisms regulating late fetal growth [90] . If the predominant influences on neonatal size were genetic, the risk of obstructed labour would be steadily exacerbated as any secular decline in maternal stature progressed. Whilst genetic adaptation could in theory occur through the differential survival of 'smaller genotypes' across generations, this would occur at the cost of high burdens of maternal and offspring mortality, and such adaptation might be too slow for the lineage to survive at all.
From this, we can make two predictions: first, that the influence of genetic factors on birthweight should be relatively low, and second, that there should be relatively few genes exerting a large effect on birthweight, as their presence would constitute a major risk factor for obstructed labour in the offspring of short mothers. Both of these hypotheses are supported by evidence.
While paternal birthweight, independent of maternal birthweight, is correlated with offspring birthweight [91] , indicating a paternal genetic contribution, the total proportion of variability in birthweight and length attributable to genetic factors is only approximately 30% [92, 93] . This magnitude of heritability is substantially lower than at later ages, with heritability of adult height approaching 90% [94] . Figure 4 illustrates the changes in heritability in weight and height that occur between birth and 3 years of age, as well as a decline in the heritability of weight during the last trimester of pregnancy-from approximately 50% at 25 weeks gestation to approximately 30% at 42 weeks [95] . This dip in genetic influence during the last trimester allows late fetal growth to be regulated primarily by maternal and uterine factors, before the impact of genotype re-emerges in post-natal life.
Similarly, although a very small number of alleles have been reported to increase birthweight by up to 90 g, or 155 g for those with two such alleles [96] [97] [98] , such large effects are extremely rare, and the more common magnitude of effect of such alleles is 20-30 g [99] . Since genome-wide association studies have greatest power to find large effects, it is unlikely that this conclusion is an artefact of the limited data available to date; rather it is likely to represent a relatively accurate summary of the polygenic basis of birthweight variability. Finally, the reduced expression of genes that promote fetal growth through genomic imprinting may be a further mechanism for reducing the risk of neonatal proportions exceeding maternal pelvic dimensions [90] .
Nevertheless, although environmental factors account for much of variability in size at birth, it is important to remember that these effects reflect ecological stresses accumulated across multiple generations, which may potentially prevent full resolution of the obstetric dilemma. 
Integrating ecological signals
As described by Haig [58] , the fetus manipulates maternal metabolism during pregnancy to increase the supply of nutrients passing through the placenta, while maternal physiology counteracts to suppress these effects. Within this tug-of-war [57] , the influence of maternal phenotype on fetal growth is well established. For example, reduced rates of fetal growth are typical of first-borns, owing to incomplete penetration of the spiral arteries [100] of the offspring of mothers who smoke or are anemic [101, 102] and of the offspring of mothers with lower body mass index [103, 104] . The tug-of-war brings the offspring into contact with a composite maternal phenotype. Influences on maternal metabolism range from immediate (e.g. maternal malaria during pregnancy), recent (maternal nutritional status at the time of conception) and developmental (childhood nutrition) to trans-generational (the mother's own fetal experience). Moreover, some nutritional influences during pregnancy propagate across two generations [105] , while the father may also generate epigenetic effects in the offspring through imprinting of the sperm [106] . This highlights the complexity of accumulated nutritional influences on growth and development of each generation.
The niche of pregnancy thus represents a stabilized metabolic environment in which maternal phenotype integrates a wide variety of short-and long-term ecological signals [51] . Kaplan and co-workers [107, 108] have described somatic tissues as 'embodied capital', representing the accumulation during development of physical resources for investment in reproduction. Building on this approach, I have referred to the overall signal shaping the developing offspring as maternal capital, defined as 'any aspect of maternal phenotype, whether somatic or behavioral, which enables differential investment in offspring' [38] . Through stable physical traits such as uterine volume, along with homeostatic systems regulating metabolism, maternal capital allows 'short-term fluctuations [to be] smoothed out to provide a more reliable rating of environmental quality', thus damping out short-term ecological stresses [37] . Such maternal buffering is critical, first because humans appear to have evolved in a volatile ecological niche [3, 109] , and second because the early hyperplasic stages of growth are most sensitive to environmental effects, and therefore benefit most from such maternal buffering [51] . As we saw in §5, it seems that the human brain in particular benefits from such protection during the first 40 weeks of life after conception.
Since many aspects of maternal capital reflect the mother's own development, and hence grandmaternal effects, there are limits to the extent to which the obstetric dilemma can be renegotiated rapidly, even though plasticity. As discussed by Haig [58] , the tug-of-war over maternal investment is also mediated by paternal factors which influence the hormonal signals of nutritional demand emitted by the offspring. To the extent that the paternally derived component of the offspring's growth strategy adapts to ecological stresses, it too must do so through the transducing effect of maternal phenotype. The capacity of lineages to evolve contrasting fetal growth trajectories, incorporating alternative resolutions of the obstetric dilemma, is illustrated by the consequences of inter-ethnic unions.
When two worlds collide
Investigating the phenotype of offspring produced by two parents from lineages of contrasting body size offers unique insight into the extent to which the obstetric dilemma can be resolved. Studies of the independent maternal and paternal influences on offspring growth were initially undertaken in horses and cattle [110] [111] [112] , but a similar approach has recently been applied to humans through the analysis of the offspring of inter-ethnic unions. Large ethnic differences in adult body size can be assumed to have emerged over multiple generations and to represent the adaptation of growth to contrasting ecological conditions, potentially including genetic effects.
Among contemporary populations, a particularly notable contrast is between South Asians and Europeans. Not only is there a substantial difference in average adult height [38, 113] , but South Asians are also characterized by lower levels of lean mass relative to height, and by smaller pelvic dimensions in the mother [38, 89, 114] . A comparison of offspring of Indian and European parents in the UK showed that offspring with two Indian parents weighed approximately 400 g less than offspring with two European parents. Some of this effect could be attributed to maternal phenotype: the offspring of Indian mothers weighed approximately 150 g less than the offspring of European mothers if the father in each case was European, and 250 g less if the father was Indian [115] . Thus, Indian mothers in the UK clearly produce smaller offspring than do European mothers, and their reduced body size is likely to be one of the most important underlying factors.
However, compared to the offspring of two Indian parents, those of Indian mother and European father weighed approximately 240 g more, indicating that any constraint of the Indian mother is not absolute, but can rather by mediated by paternal effects. Similarly, compared to the offspring of two European parents, those of European mother and Indian father weighed approximately 100 g less, indicating that the effect of the Indian father is to reduce the birthweight of his offspring even when maternal nutrition was apparently sufficient to produce a larger neonate [115] .
This study indicates that the paternal component of the 'Indian growth strategy' has adapted to the constraints of the Indian mother, and given the smaller pelvic dimensions of Indian females [89] , the obstetric dilemma may represent one of the relevant selective pressures. More detailed studies of Indian and European infants have shown that head size is smaller in Indian neonates relative to European neonates, but that the primary differences are in indices of lean mass [72, 116] . It remains unclear as yet whether the paternal contribution to the offspring's growth strategy represents a genetic adaptation or an epigenetic effect, but its implications for the obstetric dilemma are clear. In a similar inter-ethnic analysis, comparing Europeans and Asians in the USA, a higher rate of caesarean delivery was apparent in offspring of Asian mothers and European fathers compared with two European parents, whereas no such elevated risk was apparent in the offspring of European mothers and Asian fathers [117] .
These studies provide compelling evidence that contrasting fetal growth strategies can emerge in different populations, representing locally adapted resolution of the obstetric dilemma. Because these strategies represent transgenerational processes, always separated by a one-generation time-lag, they cannot immediately achieve optimal co-adaptation to new nutritional signals, including those deriving from maternal capital.
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Antagonistic effects of nutritional stresses
The studies of inter-ethnic unions have offered new insight into the typical tight fit between the dimensions of the neonate and the maternal pelvis, and the potential for nutritional stresses to elevate the risk of obstructed labour. Nutritional factors can change over the short-term, potentially generating disparity between the dimensions of the pelvis and the magnitude of fetal growth. For example, nutritional constraint during maternal development can perturb shape as well as size of the pelvis. Poor diet and limited exposure to sunlight caused rickets in many women during the industrial revolution, leading to a rise in the need for caesarean deliveries at the start of the twentieth century [7] . Placental dysfunction, maternal metabolic disease and lipogenic diets during pregnancy can similarly perturb fetal growth [118] . However, because of the one-generation time-lag in exposure between the two parties, nutritional stresses impacting the development of the maternal pelvis may be very different from those impacting development of the fetus, potentially generating antagonistic effects on the two traits.
On a broader timescale, such exacerbation of the obstetric dilemma may have occurred around the time of the emergence of agriculture. Data from many populations show that stature tended to decrease during this period [119] . The shift to high-cereal diets may have increased maternal dietary glycemic load, potentially increasing glucose availability to the offspring, while the associated increase in the burden of infectious disease may have favoured higher levels of fetal fat accretion in the last trimester of pregnancy [7] . These metabolic effects cannot yet be reconstructed with confidence, but the skeletal record shows that pelvic dimensions as well as stature declined in Mediterranean populations from 9000 BC, before recovering, and there are some indications in the archaeological record that the level of perinatal mortality was greater in early agricultural populations than in Holocene foragers, which may indicate an exacerbated obstetric dilemma [7] .
A more detailed picture is emerging for a remarkably similar scenario in contemporary populations, driven by economic cycles that have generated secular trends in both weight and height. During the second half of the twentieth century, maternal height initially increased in Africa, only to decline from the 1970s in association with falling per capita income, as a consequence of economic structural adjustment policies [120] . In the opposite direction, exposure to international food markets is associated with higher rates of obesity in urban African populations [121] , with knock-on effects on maternal metabolism. Crucially, short maternal stature and maternal obesity are both risk factors for gestational diabetes [122, 123] , which can lead to abnormally large 'macrosomic' neonates. Macrosomia is associated with all the complications of the obstetric dilemma: haemorrhage, prolonged labour and perineal trauma in the mother, and shoulder dystocia, asphyxia, birth trauma and death in the offspring [124] . These contrasting nutritional trends-downward for maternal stature, upward for maternal weight-are therefore predicted to increase the magnitude of the obstetric dilemma.
More generally, macrosomia is now a significant public health problem in many low-and middle-income populations. For inter-population comparisons, a fixed birthweight threshold for categorizing macrosomia is inappropriate owing to ethnic differences in the normal range of birthweight. Using a population-specific 90th centile categorization, Koyanagi et al. [124] examined the prevalence and correlates of macrosomia across 23 low-and middle-income countries. Consistently in African, Asian and Latin American countries, risk factors were older mothers, tall stature, male offspring, maternal obesity and maternal diabetes (figure 5a). Producing a macrosomic offspring was associated with an increased risk of caesarean delivery, even after adjustment for elective caesareans; however, this risk was also systematically increased in primiparous compared with multiparous mothers. The associations of maternal age and parity and offspring gender with the risk of macrosomia are a crucial reminder that maternal investment strategy varies across the reproductive career in accordance with the maximization of reproductive fitness.
These risks for macrosomic offspring translate directly into elevated rates of maternal morbidity and mortality, as illustrated in figure 5b . Intriguingly, however, the odds ratio for perinatal morbidity and mortality only exceeded unity in Africa (OR 1.23, 95% CI 1.08, 1.42) and did not differ significantly from unity in Asia (1.04, 95% CI 0.90, 1.19) or Latin America (0.95, 95% CI 0.82, 1.10). This indicates that the adverse consequences of producing large offspring are born disproportionately by the mother rather than the offspring [124] , and this has further implications for how selection may act on the obstetric dilemma. If it is the mother who pays the greatest penalty for large offspring, especially rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140067 those reproducing for the first time, then selection should act more strongly on maternal rather than offspring factors that constrain fetal growth. This perspective is supported by experimental studies, which reveal more robustly the effect of short-term changes in maternal energy supply on birth size of the offspring. Nutritional supplementation programmes aiming to reduce the prevalence of low birthweight have tended to achieve relatively modest increases in birthweight. For example, a randomized trial in The Gambia showed that maternal supplementation from 20 weeks gestation increased birthweight on average by 136 g, although this effect was greater in the 'hungry season' (201 g), when mothers tended to be lighter, than in the 'harvest season' (94 g) [125] . This illustrates that the effect of supplementation is mediated by maternal condition. However, the supplemented mothers also normalized their reproductive function faster than unsupplemented mothers, enabling them to conceive the next offspring sooner [126] . This shows that mothers retain priority control over 'energy windfalls' during pregnancy, and convert them primarily into larger family size rather than substantially larger individual offspring.
Indeed, secular trends in birthweight appear to occur much more slowly than those in adult size. Whereas age at maturation and adult height appear able to change at a rate of a standard deviation per five to six generations, with such trends able to continue over many decades, the equivalent rate of change for birthweight is typically 10 -30 generations, with slow rates most evident where data from many decades are available [127] . A similar scenario has been observed in a longitudinal study of macaques, where increasing the supply of nutrition immediately increased maternal weight, but took three generations to impact birthweight [128] . It is likely that the obstetric dilemma acts as a natural constraint on secular changes in birthweight, and the health risks generated by macrosomic offspring indicate the consequences of this constraint being over-ridden.
Conclusion
In this review, I have argued that the magnitude of the obstetric dilemma is not invariant, rather it reflects different 'resolutions' that have emerged through the impact of ecological conditions on growth patterns. I have paid particular attention to the role of contrasting nutritional signals in shaping this resolution.
Since maternal size can vary across generations in response to ecological change, fetal growth strategy must reduce its dependence on genotype and instead respond to signals of maternal phenotype. The tug-of-war over maternal investment enables fetal adaptation, but in response to maternal strategy rather than the environment per se. Like Odysseus sailing between the twin monsters of Scylla and Charybdis in ancient Greek mythology, the fetus must avoid two perils: gaining insufficient nutritional investment (particularly brain growth) to be viable in post-natal life, versus becoming too large for a successful delivery. This dilemma appears to be resolved by the offspring matching its growth trajectory to metabolic signals of maternal phenotype, resulting in a typically tight fit between the dimensions of the maternal pelvis and those of the offspring brain and body.
Because this match represents a 'trans-generational negotiation', compounded by a one-generation time-lag between the stresses that shape maternal and offspring growth patterns, short-term nutritional stresses can perturb it, potentially exacerbating the obstetric dilemma. Many women in low-and middleincome countries experienced under-nutrition during their development, but are now exposed to obseogenic environments in adulthood. This scenario exacerbates the obstetric dilemma from each direction, and is contributing to elevated rates of obstructed labour and an epidemic of macrosomic offspring. Public health nutrition therefore has major implications for the global burden of maternal mortality. It should be recognized that this further implicates the global economic order, which is a key factor contributing to both persisting under-nutrition (constraining maternal pelvic growth) and the emerging obesity epidemic (promoting fetal weight gain) [129] .
